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ABSTRACT 

A  gain-boosted  OPAMP  design  methodology  is  presented. 
The  methodology  provides  a  systematic  way  of  gain-boosted 
OPAMP  optimization  in  terms  of  AC  response  and  settling 
performance.  The  evolution  of  the  major  poles  and  zeros  of 
the  gain-boosted  OPAMP  is  studied,  which  reveals  the  ra¬ 
tionale  behind  our  optimization  effort.  A  sample  OPAMP 
was  implemented  in  0.6  /xm  CMOS  technology.  It  achieves 
a  DC  gain  of  88dB,  a  bandwidth  of 725MHz  with  49°  phase 
margin  and  a  0.1%  settling  time  of  4.5ns.  The  sample/hold 
front-end  of  a  12-bit  50MSample/s  ADC  was  implemented 
with  this  OPAMP.  It  achieves  an  SNR  of  78dB  for  an  8.  IMHz 
input  signal. 

1.  INTRODUCTION 

The  operational  amplifier  is  the  most  fundamental  compo¬ 
nent  in  CMOS  analog  design.  It  is  the  critical  component 
that,  in  most  cases,  is  responsible  for  the  performance  of 
switch-capacitor  circuits.  In  recent  years,  considerable  ef¬ 
fort  has  been  made  to  design  CMOS  ADCs  with  higher 
sampling  rates  and  better  resolution.  One  of  the  essential 
tasks  in  all  these  efforts  is  to  provide  a  better  performance 
OPAMP,  with  higher  gain,  higher  bandwidth,  and  faster  set¬ 
tling  time. 

High-speed  OPAMPs  use  only  one  stage  to  reduce  the 
parasitics.  Telescopic  OPAMPs  and  folded-cascode  OPAMPs 
are  majorly  used[l].  The  gain  boost  technique  proposed  in 
[2]  is  normally  used  to  achieve  high  gain  by  exploiting  the 
principle  of  the  regulated-cascode  stage[3].  However,  the 
existence  of  a  doublet  can  unfavorably  affect  the  settling 
performance  of  the  gain-boosted  OPAMP[2],[4].  The  effort 
of  pushing  up  the  doublet  can  raise  stability  problem.  As 
we  will  show  later  in  our  simulation,  the  complex  conjugate 
pole  pair  reported  in  [5]  and  [6]  will  eventually  push  the  sys¬ 
tem  into  instability.  In  this  paper,  we  offer  a  compensation- 
based  gain-boosted  structure  and  an  optimization  method- 
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contract  E- 18-677-64. 


Fig.  2.  The  gain  boost  OPAMP  circuit 


ology  based  on  this  structure  that  can  optimize  the  design 
between  the  doublet  and^e  stability  issues. 


2.  THE  GAIN  BOOST  TECHNIQUE 


The  gain-boosted  OPAMP  employs  two  amplifiers:  the  main 
OPAMP  and  the  gain  boost  OPAMP  (GBAmp).  In  Fig.  1, 
a  telescopic  gain-boosted  OPAMP  is  given,  the  DC  gain  of 
the  gain-boosted  OPAMP  would  be 
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Hence,  the  ideal  effect  of  the  GBAmp  is  to  improve  the 
DC  gain  by  Ancgb  times.  At  the  same  time,  it  increases 
the  output  impedance  by  A^cgb  times  so  as  to  push  down 
the  dominant  pole  at  the  OPAMP’s  output  node  by  Aocgb, 
which  leaves  the  high-frequency  performance  of  the  main 
OPAMP  unchanged. 
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However,  the  characteristics  of  the  GBAmp  can  poten¬ 
tially  raise  two  significant  problems  for  the  settling  perfor¬ 
mance  of  the  OPAMP.  There  exists  a  doublet  around  the 
unity-gain  frequency  of  GBAmp  (wuji,)[2].  Although  the 
doublet  might  not  be  easily  observed  on  the  OPAMP’s  AC 
charts,  it  can  greatly  extend  the  settling  process[4].  A  com¬ 
mon  solution  is  to  increase  LJugb  so  as  to  push  the  doublet 
up  to  a  higher  frequency. 

When  the  doublet  is  pushed  high  enough,  the  system  is 
also  susceptible  to  instability.  As  the  doublet  is  pushed  near 
the  nondominant  pole  of  the  main  OPAMP  (uJndmain),  [5] 
and  [6]  reported  the  generation  of  a  pair  of  complex  conju¬ 
gate  poles.  The  attempt  to  push  this  pair  of  poles  to  a  higher 
place  would  reduce  the  phase  margin  of  the  circuit.  Our 
simulation  results,  in  later  sections,  reveal  the  dynamics  of 
the  major  pole-zero  development  of  the  OPAMP.  It  verifies 
the  existence  of  the  pole  pair.  It  also  shows  the  existance 
of  an  optimal  point  in  terms  of  the  OPAMP’s  settling  per¬ 
formance.  Beyond  this  optimal  point,  the  OPAMP  starts  to 
become  unstable. 

As  a  result,  the  design  of  the  GBAmp  needs  to  include 
an  optimization  process  to  balance  the  effort  of  reducing  the 
doublet  and  the  effort  of  keeping  the  system  stable.  A  small 
compensation  capacitance  of  several  hundred  femto  farads 
is  used  for  the  GBAmp  to  manage  the  optimization  process. 

3.  IMPLEMENTATION 

The  circuit  is  designed  in  a  O-Gixm  CMOS  process.  The 
supply  voltage  is  5V.  A  telescopic  gain-boosted  OPAMP  in 
Fig.  1,  refenred  to  as  OPAMP  1,  is  designed  below.  Folded- 
cascode  OPAMPs  are  used  for  GBAmps  as  shown  in  Fig.  2. 
We  notice  that  the  GBAmp  will  always  have  a  smaller  band¬ 
width  than  the  main  OPAMP  because  of  the  smaller  biasing 
current  with  power  consumption  constraints.  As  given  in 
[2], as  long  as  u^gb  <  (^ndmain,  OPAMPl  will  be  stable. 
Therefore,  OPAMPl  can  always  be  kept  stable  with  small 
compensation.  However,  GBAmp ’s  phase  margin  can  al¬ 
ways  be  traded  in  for  bandwidth  to  push  up  the  doublet, 
which  is  partly  the  reason  for  the  conflicts  between  the  dou¬ 
blet  problem  and  the  stability  problem.  Also,  considering 
the  high  gain  that  GBAmp  needs  to  achieve,  the  small  gate 
capacitances  of  M3-M6  in  Fig.  1  are  almost  always  not 
enough  to  provide  a  sufficient  phase  margin,  which  makes 
the  small  compensation  capacitances  necessary.  The  final 
bench  test  is  a  sample/hold  front  end  for  a  12-bits,  50MHz 
ADC,  as  shown  in  Fig.  3.  The  signal  swing  is  -2V  -  +2V. 

4.  DESIGN  METHODOLOGY  AND  SIMULATION 
RESULTS 

As  we  discussed  in  Sec.  2,  ideally  the  gain  boost  tech¬ 
nique  decouples  the  constraints  on  the  OPAMP’s  gain  and 


<p2 


Fig.  3.  The  Sample/Hold  Front  End 


bandwidth,  which  enables  us  to  adopt  a  three-step  design 
methodology. 

4.1.  Main  OPAMP  Design 

The  high  frequency  performance  of  OPAMPl  is  determined 
by  the  main  OPAMP,  as  we  previously  discussed.  There¬ 
fore,  the  design  goal  in  this  phase  is  to  achieve  the  specified 
unity  gain  bandwidth  (Du)  within  the  specified  power  con¬ 
sumption. 

The  problem  of  obtaining  the  maximum  unity  gain  band¬ 
width  at  a  specified  phase  margin  ^rn  with  a  given  current 
has  just  one  solution.  The  idea  is  to  use  the  minimal  tran¬ 
sistor  {W/L)  set  to  reduce  parasitics.  We  use  the  algorithm 
below  to  find  this  solution. 

Algorithm  1  .•  Main  OPAMP  Design 

INPUT  :  bandwidth  spec  Du,  bandwidth  cushion  Dcu,  phase 
margin  spec  phase  margin  cushion  $cu,  maxi¬ 
mum  current  Imax,  biasing  region  of  each  transistor 
BR,  {W/L)i  and  {W/L)2  update  rule  URl,  {W/L) 
update  rule  for  the  other  transistors  UR2,  external 
bias  voltage  and  load  ENV ; 

OUTPUT  :  a  {W/L)  solution  and  a  current  I  that  meets 
the  specs,  or  a  failure  signal. 

0.  pick  a  current  I  <  Imaxi 

1.  if  7  >  Imax,  return  failed; 

2.  pick  a  “reasonable”  {W/L)  set  {W/L)set', 

3.  (cou,  4>m]  :=  ACanalysis{{W/L)set,  I,  ENV)- 

4.  if  any  transistor  ^  BR,  goto  5; 

else  if  tUu  >  Du  and  (pm  >  ^ui  successful;  goto  5; 
else  if  Wu  <  Du;  I7i?l((W/L)i_2,-l-);  goto  3; 
else  if  Wu  >  (Du  4- Dcu);  17i?l((kF/L)i_2, -);  goto  3; 
else  if  (pm  <  ^m,  17R2((W/L)3^8,  -);  goto  3; 

5.  if  no  solution  results,  I  :=  I  +  A  J ;  goto  1 ; 


Fig.  4.  AC  performances  with  different  GBAmp  compensa¬ 
tions 


Fig.  5.  Settling  performances  with  different  GBAmp  com¬ 
pensations 

else  return  successful. 

If  the  algorithm  fails  to  generate  a  solution,  the  current 
design  specifications  would  be  too  stringent  for  the  current 
CMOS  process.  Therefore  a  more  advanced  process  is  re¬ 
quired,  the  power  specification  should  be  increased,  or  the 
BR  is  to  be  reduced  with  the  tradeoff  of  a  smaller  output 
swing.  If  the  specifications  are  loose,  the  solution  can  then 
be  optimized  according  to  different  rules,  such  as  power  to 
be  minimized  or  bandwidth  to  be  maximized. 

For  OPAMPl,  the  designed  main  OPAMP  achieves  a 
unity-gain  bandwidth  of  770MHz  with  a  phase  margin  of 
58°.  It  requires  a  bias  current  Im  =  4mA.  The  resulting 
gain  is  Aocmain  =  45dB. 


of  nondominant  poles  under  a  specified  bias  current.  The 
gain  of  the  GBAmp  in  Fig.  2  can  be  increased  either  by  in¬ 
creasing  {VF/L)i,2  to  have  higher  gm  or  by  increasing  the 
size  of  M3-M10  to  achieve  a  higher  output  impedance.  Ei¬ 
ther  approach  will, however,  deteriorate  Ae  phase  chart.  So, 
with  the  power  constrained,  the  GBAmp  design  problem 
becomes  a  two-dimensional  optimization  problem.  Fortu¬ 
nately,  the  two  variables  in  this  problem,  {W/L)ifi  and  the 
size  of  M3-M10,  have  discrete  values  within  a  finite  prac¬ 
tical  space.  All  meaningful  combinations  can  be  checked 
through  with  computers  to  find  the  optimal  solution.  In  our 
design  process,  only  10  “meaningful”  [W/L)  combinations 
have  been  tried  out.  Algorithm  below  is  used  to  reach  the 
optimal  solution. 

Algorithm  2  .•  GBAmp  Design 

INPUT :  gain  spec  Ancgb,  gain  spec  cushion  Aoccugb, 
maximal  allowed  bias  current  Imaxgb,  biasing  region 
of  each  transistor  BR,  {W/L)\-2  update  rule  URl, 
{W/L)  update  rule  for  M3-M10  UR2,  external  bias 
voltage  and  load  ENV,  the  meaningful  {WjL)  space 

r; 

OUTPUT :  a  configuration  with  gain  spec  met  and  best 
phase  chart  within  the  maximal  current. 

0.  L  :=  Lmint  ^ndgb  Oj 

1.  Pick  a  “reasonable”  {W/L)  set; 

2.  OPanalysis{{W/L)s^t,Imax,ENVy, 

3.  if  all  the  transistor  e  BR 

thenUF?2((W/i)3-8,-); 
goto  2; 

else  recover  the  previous  {W/ 

4.  [o-dci  ^ndgb]  ACo.nCLlysis{{/W/  L)se.t,ImaxiENV)', 

5.  if  Ode  <  Aocgb 

then  URl{[W/ 1)^.2,+)- 

goto  4; 

else  if  Ode  >  {Aocgb  +  ADCcugb) 

thenURmW/L)i.2,~y, 

goto  4; 

6.  if(IU/L)i_ao^r,goto7; 

else  if  U^T^dpd  ^  ^ndgb 
then  Dfndgb  ^ndgbl 
UR2(iW/L)3-8,+); 

goto  4; 

7.  if  the  L  space  has  not  been  exhausted  yet 

then  L  :=  L  +  AL; 
goto  1; 

else  end. 


4.2.  GBAmp  AC  Design 

The  design  goal  in  this  phase  is  to  have  a  GBAmp  achiev¬ 
ing  the  specified  DC  gain  and  the  best  phase  chart  in  terms 


4.3.  Settling  Performance  Optimization 

The  design  goal  of  this  phase  is  to  determine  the  compen¬ 
sation  that  enables  OPAMPl  to  achieve  the  fastest  settling 


Table  1.  OPAMPl  Characteristics 
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Fig.  6.  Pole-zero  evolution  of  OPAMPl  with  uj^gt 


Fig.  7.  Relationship  between  settling  time  and  Ccgb 

time.  In  Fig.  4,  the  AC  performance  of  the  designed  OPAMP 1 
is  plotted  against  different  GBAmp  compensations.  Because 
different  GBAmp  compensation  results  in  different  Lj^gb, 
Fig.  4  is  also  the  AC  performance  under  different  unity- 
gain  bandwidths  of  GBAmp.  The  corresponding  transient 
performance  is  shown  in  Fig  5. 

Using  Matlab  simulation,  the  major  pole-zero  evolution 
of  OPAMPl  can  be  inferred,  as  shown  in  Fig.  6.  At  large 
compensation,  or  when  uj^gb  is  as  low  as  at  position  A,  the 
doublet  can  be  seen  moving  up  in  frequency  as  ui^gb  in¬ 
creases.  In  this  phase,  the  settling  time  reduces  as  w^gb  in¬ 
creases.  When  the  doublet  moves  to  a  higher  frequency,  a 
pair  of  complex  conjugate  poles  is  generated,  as  reported  in 
[5]  and  [6].  Further  increasing  u^gb  can  push  the  complex 
conjugate  pole  pair  up  along  the  real  axis,  which  continues 
reducing  OPAMP I’s  settling  time.  However,  it  also  pushes 
the  pair  away  from  the  real  axis,  which  gives  way  to  oscil¬ 
lation  in  the  time  domain.  Beyond  some  point,  such  as  B, 
the  pair  starts  to  move  back  along  the  real  axis  while  it  con¬ 
tinues  moving  away  from  the  real  axis.  In  this  phase,  the 
envelope  settling  time  starts  to  increase  instead,  as  does  the 
oscillation  frequency  for  the  transient  output.  The  damp¬ 
ened  oscillation  shows  its  way  when  the  envelope  settling 
time  becomes  longer  than  the  oscillation  period,  such  as  at 
position  C. 

In  Fig.  7,  the  simulated  0.1%  settling  time  is  plotted 
against  different  compensations.  As  we  previously  discussed. 
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there  exists  an  optimal  compensation  to  achieve  the  best  set¬ 
tling.  For  OPAMPl,  the  shortest  0.1%  settling  time  is  4.5ns, 
and  it  is  achieved  when  Ccgb  =  700 fF.  As  we  can  see 
in  Fig.  7,  the  compensation  capacitance  window  needed 
to  achieve  a  short  settling  time  is  wide,  which  makes  the 
compensation-based  settling  optimization  method  robust  for 
febrication  variations. 

5.  CONCLUSION 

A  design  methodology  for  a  gain-boosted  OPAMP  is  pre¬ 
sented.  The  settling  performance  of  the  gain-boosted  OPAMP 
will  be  subject  to  two  potential  problems:  the  presence  of 
the  doublet  and  instability,  which  involves  the  pole-zero  evo¬ 
lution  shown  in  Fig.  7.  The  methodology  enables  design¬ 
ers  to  strike  a  balance  between  the  two  problems  so  as  to 
achieve  optimal  OPAMP  design  in  terms  of  settling  perfor¬ 
mance. 

A  sample  telescopic  gain-boosted  OPAMP  is  designed 
using  this  methodology.  The  exact  characteristics  are  shown 
in  Table  1 .  The  sample/hold  front-end  in  Fig.  3  using  OPAMPl 
can  achieve  an  SNR  of78dB  with  an  input  signal  of  8.1MHz 
in  frequency  and  2V^_p  in  amplitude. 
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